Introduction
============

After 40 years of cancer research, pancreatic adenocarcinoma remains a highly lethal disease that is extremely difficult to detect and treat. Five-year survival rates have only slightly improved to 6%, and nearly all diagnosed patients will recur and succumb to the disease.[@b1-ov-3-035] It is the fourth-leading cause of cancer-related death in the United States, with an estimated 45,220 new cases being diagnosed in 2013 and 38,460 associated deaths.[@b2-ov-3-035],[@b3-ov-3-035] Complete surgical resection remains the only chance for long-term disease-free survival. Unfortunately 80% of patients present with locally advanced or metastatic disease and are unresectable at diagnosis. For those patients that are unresectable, prognosis is poor with an expected survival of just 6 months. Most patients who do undergo surgery have only a slightly improved survival, with tumors recurring in virtually all patients.[@b4-ov-3-035],[@b5-ov-3-035]

Due to the high rate of recurrence, adjuvant therapy has been suggested following surgery. However, the long-term impact of adjuvant radiation therapy has proven to be inconclusive.[@b6-ov-3-035]--[@b8-ov-3-035] The high incidence of systemic recurrence after surgery and radiation has led to the notion that metastasis may occur early in the course of pancreatic tumorogenesis.[@b9-ov-3-035] For this reason, the treatment of pancreatic cancer has most recently focused on multimodality treatment with surgery, chemotherapy, and radiation.

Gemcitabine and erlotinib are the only two agents approved for use in advanced disease, but both have only a modest benefit. Gemcitabine was shown to prolong survival of patients by 5.6 months compared to 4.4 months with 5-fluorouracil.[@b10-ov-3-035] The addition of erlotinib to gemcitabine saw a miniscule increase of median survival from 5.9 to 6.2 months.[@b11-ov-3-035] Thus, development of targeted agents and chemotherapies over the last five decades has only modestly affected clinical outcome and not changed 5-year survival. Fortunately, the genetic and molecular mechanisms underlying pancreatic cancer are being rapidly uncovered and are providing opportunities for novel targeted therapies. Oncolytic viral therapy is of the most promising targeted agents for pancreatic cancer. This review will look at the current state of the development of these self-replicating nanoparticles in the treatment of pancreatic cancer.

Oncolytic viruses
=================

Due to its tumor selectivity and ability to cause cancer cell lysis, oncolytic virotherapy is becoming increasingly popular for the treatment of many different forms of cancer. Oncolytic viruses selectively target tumor cells through engineered mutations that prevent the binding to and replication of virus in normal cells and by expressing foreign genes that cause cell death both directly and/or indirectly.[@b12-ov-3-035] These viruses are also usually replication competent. Thus, replication in tumor cells generates infectious progeny that may further spread through and kill the tumor mass.[@b13-ov-3-035] The efficacy of oncolytic viruses depends upon the direct tumor lysis, the ability of the virus to spread to surrounding cancer cells, and the virus's ability to direct an immune response to the tumor.

Optimal oncolytic viruses need to be extremely selective in the cells that they infect and replicate in. There are a number of ways in which their selectivity is improved: 1) by deleting viral genes that are required for replication in normal cells but are unnecessary in cancer cells; 2) by transcriptional targeting, where viral replication is controlled by tissue specific promoters; and/or 3) transductional targeting, where the virus is retargeted specifically to tumor cells. One of the important advantages oncolytic viruses have over other cancer therapies is the great potential to genetically manipulate the candidate virus to assume greater potency against a specific cancer. These manipulations help both to increase the potency of viral therapy against a tumor and to abrogate the adverse effects of cancer therapy ([Figure 1](#f1-ov-3-035){ref-type="fig"}).

Microbiology and tumor microenvironment of pancreatic cancer
============================================================

The microbiology of pancreatic cancer provides unique challenges in designing and implementing effective oncolytic vectors and gene therapy. Oncogenic transformation in the pancreas is currently understood to be a multistage process that involves the accumulation of inherited and acquired mutations of specific cancer-associated genes in preneoplastic lesions. The literature describes three types of pancreatic ductal adenocarcinoma (PDAC) precursor lesions: pancreatic intraepithelial neoplasia, intraductal papillary neoplasia, and mucinous cystic neoplasms. They all follow a multistep progression from preneoplastic to invasive cancer, characterized by increasing degrees of morphological and cytological atypia.[@b14-ov-3-035],[@b15-ov-3-035] Most commonly this starts with an activating mutation in the *KRAS* gene, which is then followed by a somatic mutation in one or more of the tumor suppressor genes *TP53, p16/CDKN2A*, and *SMAD4*.[@b16-ov-3-035] Approximately 10% of cases can be partially ascribed to one of several germline mutations including *BRCA2*, *STK11/LKB1*, or *p16/CDKN2A*.[@b17-ov-3-035] This model for the stepwise development of PDAC has been supported in animal models by genetically engineered mice with a single point mutation in the *KRAS* oncogene. These mice were found to develop pancreatic preneoplastic lesions similar to those found in humans.[@b18-ov-3-035] Progression to metastatic carcinoma required both the *KRAS* mutation and the loss of a tumor suppressor gene.[@b18-ov-3-035]--[@b20-ov-3-035] Researchers have found a total of 12 core signaling pathways that are commonly dysregulated in PDAC, of which *KRAS*, *TP53, p16/CDKN2A*, and *SMAD4* are found in two thirds of tumors studied.[@b21-ov-3-035] Targeting of these molecular pathways is just one of the ways that oncolytic viruses and targeted therapies are being tailored to pancreatic cancer ([Table 1](#t1-ov-3-035){ref-type="table"}).

The high resistance to conventional and targeted therapies in PDAC may in part be explained by the diverse influences that are being exerted by the pancreatic microenviroment on the cancer cells. The dense extracellular matrix in pancreatic cancer distorts the normal architecture of the tissue and causes an abnormal configuration of blood and lymphatic vessels, resulting in a hypoxic tumor mass, which is one reason why many systemically delivered therapies, such as systemic chemotherapy and viral therapy work poorly in pancreatic cancer.[@b22-ov-3-035] In fact, many strategies are being studied that target the stromal matrix in an effort to increase the effect of systemic therapies. Inhibition of hedgehog signaling, which is involved in desmoplasia, has been shown to increase the penetration of gemcitabine into pancreatic xenografts. Also, the use of hyaluronidase to enzymatically remodel the stromal matrix has shown an increase in the delivery of systemic therapies to the tumor tissue. Initial preclinical success with these therapies suggests that the dense extracellular matrix in pancreatic cancer is partly responsible for the innate chemoresistance of pancreatic tumors, by creating barriers that protect tumor cells from systemically circulating therapeutic compounds.[@b23-ov-3-035]--[@b26-ov-3-035] The tumor extracellular matrix is only one potential target to improve systemic and molecular therapies.

It is becoming increasingly clear that a crucial component of the tumor microenvironment is the pancreatic stellate cells (PaSCs). These rare stromal cells have been shown to both increase pancreatic cancer cell proliferation and migration by release of growth factors and cytokines.[@b27-ov-3-035] This has been confirmed in in vivo studies in which co-injection of PaSCs with tumor cells in orthotopic models of PDAC resulted in increased tumor size and caused a higher incidence of metastasis.[@b28-ov-3-035] Strikingly, PaSCs were also detected in metastatic foci in the liver of nude mice, suggesting co-migration of PaSCs with cancer cells to establish a potentially favorable microenvironment for tumor at distant sites.[@b28-ov-3-035] Recent studies also demonstrated that PaSCs in vitro increase the stem cell phenotype of pancreatic cancer cells, providing a therapeutic target that may decrease the metastatic potential of early PDAC.[@b29-ov-3-035]

Inflammation is an important factor in the development of PDAC. Some studies suggest that over 50% of the tumor mass is made up of inflammatory cells and numerous studies point to long-term inflammation of the pancreas as a driving force in the development of PDAC.[@b30-ov-3-035],[@b31-ov-3-035] The PDAC tumor microenvironment is significantly pro-tumorigenic, with the majority of the cells being made up of immunosuppressive cells such as regulatory T-cells and myeloid-derived suppressor cells.[@b30-ov-3-035] Successful immunotherapy requires cytotoxic T-cells to have high affinity for cancer cell antigens without causing autoimmunity. Unfortunately, cytotoxic T-cells make up a significant minority of the immune cells in the tumor, severely restricting the immunogenicity that results from infection with oncolytic viruses, suggesting that virus augmented with cytokines that are systemically or locally delivered to increase the immune response would be beneficial.

Another important factor in the development of chemoresistance and the propensity for metastasis of pancreatic cancer is that the cancer can undergo epithelial to mesenchymal transition (EMT).[@b32-ov-3-035],[@b33-ov-3-035] EMT is characterized by decreased expression of E-cadherin and increased expression of mesenchymal markers such as vimentin, N-cadherin, and zinc finger transcription factors (Snail, Slug, Zeb1, and Twist).[@b34-ov-3-035],[@b35-ov-3-035] Gene expression profiling has shown that EMT cells are significant contributors to chemoresistance in PDAC.[@b33-ov-3-035],[@b36-ov-3-035] EMT plays a role in modulating resistance to targeted biological therapies as well. Cells with mutated E cadherin or expressing mesenchymal markers showed significantly decreased growth inhibition with the epidermal growth factor receptor inhibitor erlotinib than cells with an epithelial phenotype.[@b37-ov-3-035]

The microenvironment of pancreatic cancer makes it difficult for systemic therapies to access cancer cells. Breaching this stromal barrier is a promising strategy to improve the delivery and efficacy of cytotoxic drugs and oncolytic vectors. Significant therapeutic benefit could be obtained by using strategies that aim to deplete the desmoplastic stroma, activate the immune system to target tumor cells, and target cells that increase the metastatic potential of PDAC.

Adenovirus
==========

One of the most commonly used viral vectors being designed for treatment of cancer is the adenovirus. Gendicine and Oncorine are two adenoviruses that are currently approved for the treatment of cancer in China.[@b38-ov-3-035] Adenoviruses are double-stranded DNA viruses that are encompassed by an icosahedral protein capsid. When they come in contact with a cell, the virus binds to a receptor on a cell with high affinity.[@b39-ov-3-035] Once inside the cell, the virion moves to the nuclear pore complex, where its genome is released into the nucleoplasm and gene expression and genome replication occur. In a final step, the progeny viruses are released by disintegration of the cell membrane and infection of neighboring tumor cells occurs.

In order to achieve cancer cell selectivity in adenoviruses, two major strategies have been employed ([Table 2](#t2-ov-3-035){ref-type="table"}). The first was to delete essential viral genes needed for replication of normal cells. These deletional mutations take advantage of the dysregulation of particular cell signaling pathways in cancer cells that allow viral replication in cancer cells even after key genes are deleted. One such virus is ONXY-15, the first replication-competent oncolytic virus used in a clinical trial for pancreatic cancer.[@b40-ov-3-035] It has been engineered to lack the *E1B* gene that coded for a 55 kDa protein that in normal cells binds to tumor supressor p53 and causes progression of the cell cycle and viral replication.[@b41-ov-3-035] *E1B*-deleted viruses do not generally replicate in normal cells. It is known that 50%--75% of pancreatic tumors lack p53, thus allowing replication of *E1B*-deleted viruses. ONXY-15 was shown to be effective in a murine model of human xenografts with antitumor efficacy and increased survival.[@b42-ov-3-035] In Phase I/II clinical trials, it was found that ONYX-15, when combined with gemcitabine, was found to be a feasible and well-tolerated therapy in patients with pancreatic cancer.[@b40-ov-3-035]

Oncorine is another virus in clinical use that has a deletion of the *E1B* gene and a partial deletion of the *E3* gene. It has been approved for the treatment of head and neck cancers in China and has been shown to be well-tolerated and have good efficacy when combined with or without chemotherapy.[@b38-ov-3-035],[@b40-ov-3-035] It is currently in clinical trial in the United States for pancreatic cancer.

Another deletional mutation in adenoviruses for pancreatic cancer is the *E1A* gene. The E1A protein binds to retinoblastoma protein (pRb), a protein in normal cells that forces progression of the cell cycle from G1 to S, which allows E2F1, a transcription factor important in viral reproduction, to function. Many of the genes in pancreatic cancer commonly mutated, such as *CDKN2A*, are involved in the regulation of the G1--S cell cycle. These mutations lead to cell cycle dysregulation, making E1A binding to pRb unnecessary for E2F1 to support viral replication in pancreatic cancer. Thus, oncolytic adenoviruses that utilize this gene deletion for tumor selectivity are great candidates for use in pancreatic cancer.[@b43-ov-3-035] *E1B* 19 kDa is another good candidate for creating tumor selectivity in adenoviruses. The *E1B* 19 kDa gene codes for the antiapoptotic B-cell lymphoma 2 homologue, which in the aberrant apoptotic environment of pancreatic cancer is unnecessary.[@b21-ov-3-035]

Deletion or mutation of multiple genes further improves selectivity of virus for cancer and prevents reversion to wild type. When both the *E1A* gene and the *E1B* 19 kDa gene are deleted there is a significant increase in tumor selectivity. Importantly, the potency of the virus was retained when compared to the wild type adenovirus without any gene deletions. Efficacy of the virus was shown to further increase when it was in combination with gemcitabine and other chemotherapies.[@b44-ov-3-035],[@b45-ov-3-035] Importantly, these studies show that oncolytic viruses can be engineered to be selective while still retaining their potency.

The second way that adenoviruses have been engineered to improve selectivity in pancreatic cancer is by placing important proteins behind tumor-specific promoters. At least five tumor specific promoters have been used to construct targeted adenoviruses for pancreatic cancer therapy. The promoters used have been cyclooxygenase-2 promoter, urokinase-type plasminogen activator receptor promoter, telomerase reverse transcriptase promoter, hypoxia-responsive promoter, *KRAS* promoter, and human carcinoembryonic antigen promoter.[@b46-ov-3-035]--[@b54-ov-3-035] The promoters have been shown to increase the selectivity of the virus without negatively impacting the infectivity.

One of the major disadvantages of adenoviruses as an oncolytic vector is the poor intratumoral spread and infectivity natively inherent to the virus. This is because most oncolytic adenoviruses are constructed from the wild type adenovirus serotype 5. The adenovirus serotype 5 viruses bind to the coxsackie adenovirus receptor, which has little or no expression in pancreatic cancer, leading to the requirement of high doses of virus to overcome the low infectivity. One way researchers have overcome this is by substituting the fiber knob with the adenoviral subtype 3 fiber knob. Oncolytic adenoviruses with this new binding motif were found to infect tumor tissue independent of coxsackie virus receptor levels. This new mutant adenovirus uses the desmoglein-2 protein as a binding site and in result, had enhanced viral infectivity in pancreatic cancer.[@b50-ov-3-035],[@b55-ov-3-035],[@b56-ov-3-035]

With improved infectivity and selectivity, oncolytic adenoviruses are now being made more potent by arming them with therapeutic genes that help to prime the immune system against pancreatic cancer and improve oncolysis. Some of these therapeutic genes are presented in [Table 1](#t1-ov-3-035){ref-type="table"}. Interleukin 24 (IL-24) is a good example of a potential therapeutic protein that can both improve immune response against tumor antigens and abate potential side effects. IL-24 is known to increase the immune system's recognition for pancreatic cancer. Unfortunately, there can be severe side effects when given systemically, thus limiting its usefulness as a cancer treatment. An adenovirus, ZD55-IL-24, was engineered to manufacture IL-24 locally in the tumor cells, thus avoiding the systemic effects. When compared with the parental virus ZD55 (E1B 55-kDa-deleted oncolytic adenovirus) in immune-competent mice, there was significant decrease in tumor growth and there was a stronger immune response measured by T-cell response to pancreatic cancer and the levels of interleukin 6 instead (IL-6) and interferon gamma.[@b57-ov-3-035] In addition to delivering cytokines, therapeutic genes can be used to inhibit differentiation of tumors, silence oncogenes, activate prodrugs, and image the presence of virus. Using adenovirus with a thymidine kinase gene inserted, researchers took micro-positron-emission-tomography images of pancreatic flank tumors using ^18^F-FEAU (2′-\[18F\] fluoro-5-ethyl-1-beta-D-arabinofuranosyluracil) radiotracer, demonstrating the presence of virus.[@b58-ov-3-035] Quantification of the thymidine kinase activity in the tumors correlated with the antitumor effects of the virus.[@b58-ov-3-035]

Oncolytic herpes virus
======================

The herpes simplex viruses (HSV) HSV-1 and HSV-2 are large enveloped viruses with double-stranded DNA. In the wild they cause self-limiting infection, often causing sores in the mouth, lips, or genitalia, and can establish latent infection in the neural ganglia. As an oncolytic virus, HSV has been genetically modified to replicate only in cancer cells and has demonstrated itself as a promising agent in the virotherapy of pancreatic cancer.

Compared to other oncolytic viruses, HSV has a number of distinct advantages and disadvantages. The genome is large compared to other viruses, with many nonessential genes that can be mutated and replaced with therapeutic genes. Several anti-HSV medications are available (acyclovir, ganciclovir) for the treatment of patients with adverse reactions to virotherapy. HSV does not integrate itself into the cellular DNA, thus reducing the risk of foreign genes being inserted into the patient's DNA. Compared to other families of viruses, HSV is known to infect and kill tumor cells more quickly. The hope is that this will prevent the immune system from restricting the spread of the virus prior to tumor oncolysis. HSV has the ability to infect many different cancer cell types, making it a viable candidate for many different forms of cancer.[@b59-ov-3-035] Finally, HSV exhibits strong T-cell-mediated tumor reactivity, and can indirectly cause an immune response to cancer and tumor regression from cytotoxic T-cells- and natural killer (NK) cells-mediated mechanism. This likely plays an essential role in the antitumor abilities of HSV.

One potential disadvantage is that exposure to HSV is common in the general population. So, there is a risk that people may carry preformed immunity to HSV and clear the virus before it can have an oncolytic effect. However, studies in murine animals have not demonstrated that this anti-HSV immunity has significant deleterious effects on oncolysis.[@b60-ov-3-035],[@b61-ov-3-035]

There are a number of different HSV oncolytic viruses that have been studied in pancreatic cancer ([Table 3](#t3-ov-3-035){ref-type="table"}). They use two major strategies to engineer selectivity for cancer cells: 1) the deletion of essential viral genes for replication (ie, *γ34.5* gene); and 2) deletion of genes that regulate the protein kinase response (PKR) pathway (ie, *ICP6* gene). A number of HSV-based oncolytic viruses have produced encouraging results in preclinical and clinical studies.

The oncolytic viruses R3616 and HSV1716 have a deletion of the *γ34.5* gene, resulting in the inability of virally infected cells to turn off PKR phosphorylation. This results in inactivation of eukaryotic translation initiation factor 2 alpha (eIF2α), preventing translation within normal cells. In pancreatic cancer cells, eIF2α is constituently activated due to mutations in glycogen synthase kinase-3, an alternate pathway that is independent of the PKR pathway, allowing for viral replication. Interestingly, replication and oncolysis of R3616 in pancreatic cancer cells is due to dysregulation and activation of the phosphatidylinositide 3-kinase pathway and not dysregulation of PKR or enhanced Ras signaling, as was once thought.[@b62-ov-3-035]

The virus hrR3 lacks the *UL39* gene, which codes for ICP6 protein, a viral homologue of the cellular ribonucleotide reductase; in pancreatic cells this protein is upregulated, allowing for viral replication. This virus also has an active HSV thymidine kinase, which allows concurrent treatment of cancer cells with ganciclovir. Ganciclovir disrupts cellular and viral DNA replication when activated by the viral thymidine kinase and has been shown to augment tumorlysis. In a xenograft model of pancreatic carcinomatosis in which mice were given hrR3 virus and ganciclovir together, there was a 30% increase in survival at 150 days when compared to treatment with virus alone.[@b63-ov-3-035]

The resistant nature of pancreatic cancer to systemic chemotherapy has made finding adjuvant treatments that improve the outcomes of chemotherapy important.[@b22-ov-3-035] Using oncolytic HSVs is one of the more promising options. In one study, R3616 (*γ34.5* deletion) was compared to hrR3 (*UL39* deletion) with and without gemcitabine. It was found that treatment with R3616 had better long-term survival than hrR3 with or without gemcitabine. Of note though, when combined with gemcitabine, R3616 showed improved long-term survival, whereas hrR3 combined with gemcitabine showed decreased long-term survival. These data suggest that chemotherapy may be affecting viral replication and cancer cell killing differently depending on the targeting mechanism of the virus.[@b64-ov-3-035] Another study looking at L1BR1 (US3 locus deficient HSV-2) showed synergy with the anticancer drugs fluorouracil and cisplatin.[@b65-ov-3-035]

G207 virus is a mutated HSV-1 virus with deletions at both *γ34.5* loci and a *lacZ* insertion interrupting the *ICP6* gene that encodes the HSV ribonucleotide reductase. Its activity has been shown in a wide variety of solid tumors including pancreatic cancer.[@b66-ov-3-035],[@b67-ov-3-035] NV1020, a closely related virus with only one copy of the *γ34.5* loci deleted, has a higher proliferative rate then G207 in pancreatic cancer. NV1023 and NV1066, both derivatives of NV1020, are being actively studied in pancreatic cancer. NV1066 and hyperthermia significantly increased killing of pancreatic cancer cells secondary to enhanced replication through a heat shock protein.[@b59-ov-3-035] NV1020 in combination with radiation demonstrated synergistic effects when it came to tumor oncolysis.[@b68-ov-3-035]

One especially promising HSV oncolytic virus is FusON-H2, another HSV-2 virus. This virus has a deletion of the *ICP10* gene that encodes a serine/threonine protein kinase activity that is involved in activation of the Ras/mitogen-activated protein kinase pathway. When used to treat pancreatic cancer, intratumoral injections of FusON-H2 showed complete eradication of subcutaneous pancreatic xenografts. Intravenous administration showed significant antitumor effects. When the virus was given through intraperitoneal administration, there was eradication of 75% of tumors and prevention of metastasis in animals.[@b69-ov-3-035]

There are two oncolytic HSV-1 viruses in clinical trial for pancreatic cancer, HF10 and OncoVex granulocyte--macrophage colony-stimulating factor (GM--CSF). HF10 is a naturally occurring replication-competent HSV-1 mutant that has been found to replicate and spread efficiently in cancer cells.[@b70-ov-3-035] A Phase I clinical trial has been completed in which patients were treated with three doses of HF10.[@b71-ov-3-035] No adverse reactions were noted in the trial. Of the six patients treated, three had stable disease, one patient had regression, and two patients had progression. This is a safe treatment with potential and Phase II and Phase III studies are currently in planning. A Phase I trial looking at giving HF10 via injection from endoscopic ultrasound in unresectable disease is currently being run with no data reported at this point.[@b71-ov-3-035]

The second HSV oncolytic virus in clinical trial is OncoVex GM--CSF, a *γ34.5* and *ICP47* deleted mutant that expresses human GM--CSF. The *γ34.5* deletion provides for tumor selective replication. *ICP47* encodes for a protein, US11, that inhibits PKR activation, further increasing selectivity of replication. Most importantly, this virus is also engineered to express human GM--CSF. Human GM--CSF is associated with the recruitment and differentiation of activating dendritic cells in the tumor microenvironment.[@b72-ov-3-035],[@b73-ov-3-035] The hope is that this virus, by recruiting and stimulating dendritic cells, will subsequently prime antigen specific T-cells immunity in the body. In Phase I/II clinical trials in solid tumors (head and neck, squamous cell cancer, breast cancer, gastrointestinal cancer, and malignant melanoma), OncoVex GM--CSF was found to be well-tolerated at high and repeated doses.[@b74-ov-3-035],[@b75-ov-3-035] There is currently a Phase I clinical trial in pancreatic cancer underway with no interim results at this point.[@b73-ov-3-035]

Poxviruses
==========

The family *Poxviridae* consists of enveloped double-stranded DNA viruses, of which there are many members including vaccinia virus, myxoma virus (MYXV), and raccoon pox. The most widely studied is vaccinia virus, which has had a crucial role in one of the greatest achievements in medicine: the eradication of smallpox. The highly immunogenic nature of vaccinia infection, which produces a strong cytotoxic T lymphocyte response and circulating neutralizing antibodies that can be detected many decades later, was crucial to the successful use of vaccinia in smallpox eradication and has led to its continued use in immunotherapy today.[@b76-ov-3-035],[@b77-ov-3-035] The ability of poxviruses to express foreign antigens and stimulate an immune response is one of the reasons why it is now being studied as an oncolytic virus for the treatment of cancer.[@b78-ov-3-035] In pancreatic cancer, vaccinia has been genetically modified to increase the tumor cytotoxicity against pancreatic cancer. One such modified vaccinia virus expresses the endostatin-angiostatin fusion protein, which has been documented in pancreatic cancer to inhibit angiogenesis. Current studies with this endostatin-angiostatin fusion protein expressing vaccinia virus have shown significant antitumor potency in vivo against pancreatic cancer.[@b79-ov-3-035]

GLV-1h68 is a replication-competent virus with attenuation mutations in F14.5L, J2R (encodes thymidine kinase), and A56R (encodes hemagglutinin). It has been reported to infect, replicate, and lyse pancreatic cancer cells both in vivo and in vitro. Importantly though, when combined with gemcitabine or cisplatin, the tumors showed enhanced and accelerated therapeutic effects.

The protein survivin has been associated with resistance to chemotherapy in pancreatic cancer and is found to be overexpressed in 70%--80% of tumors. A modified vaccinia Ankara virus expressing murine survivin produces significant tumor regression and increased survival in mice when combined with gemcitabine.[@b80-ov-3-035]

One of the factors in the resistance of pancreatic cancer to systemic therapies is the hypoxic nature of the tumor. It was found that the Lister strain of vaccinia, when allowed to infect pancreatic cells under hypoxic conditions, showed no degradation in viral replication, suggesting that vaccinia may be uniquely suited as a viral vector to the hypoxic conditions of pancreatic cancer.[@b81-ov-3-035]

MYXV is a rabbit-specific poxvirus that has been shown to replicate in human cancer cells. In pancreatic cancer, when combined with gemcitabine, MYXV was able to show excellent replication and significant oncolysis. In a disseminated pancreatic cancer model in immune-compromised mice, MYXV combined with gemcitabine resulted in 100% long-term survival. These data suggest that MYXV is an effective oncolytic virus for pancreatic cancer and can be combined with gemcitabine to enhance survival, particularly in the presence of an intact host immune system.[@b82-ov-3-035] A newly engineered replication-competent MYXV, vMyxgfp, has the green fluorescent protein construct placed within it. Investigators were able to show replication and oncolysis of chemotherapy-resistant cell lines, making this a promising new virus in the treatment of pancreatic cancer.[@b83-ov-3-035]

There is one poxvirus currently in clinical trial as a vaccine therapy. It is a vaccinia virus that expresses the tumor antigens carcinoembryonic antigen and mucin-2, two molecules known to be expressed by pancreatic cancer cells. It is packaged with three costimulatory molecules, B7.1 (cluster of differentiation 80), ICAM-1 (intracellular adhesion molecule-1), and LFA-3 (leukocyte function-associated antigen-3) (TRICOM)(PAN-VAC-V), to help increase the immune response to the vaccine. To further enhance the vaccine therapy interferon alpha is also given. The results are promising with a significant overall increase in patient survival with mild injection site reactions as the most common adverse event. This suggests that in pancreatic cancer vaccinia virus is capable of creating antigen-specific immune responses.[@b84-ov-3-035],[@b85-ov-3-035]

Parvovirus
==========

Parvoviruses, such as H-1 (H-1PV), are small, non-enveloped icosahedral particles containing a single-stranded DNA genome that require actively dividing cells to replicate, making them innately oncolytic.[@b86-ov-3-035] They have no pathogenicity in animals and humans, but have been shown to have tumor suppressive effects in animal models.[@b87-ov-3-035] Parvoviruses cause both direct oncolysis and immunomodulatory effects, which have been shown to prime the immune systems of animals against infected tumors.[@b88-ov-3-035] When given after the administration of gemcitabine, H-1PV in vivo showed reduced tumor growth, prolonged animal survival, and absence of metastasis on computed tomography scans. This suggests that parvoviruses can be a useful adjunct in multimodal therapy for pancreatic cancer.[@b89-ov-3-035]

Studies with parvovirus suggest that infection can increase the NK tumor-mediated cell killing in pancreatic ductal carcinoma.[@b90-ov-3-035] When the virus is armed with IL-2 or the chemokine ligand 7, there was improved antitumor response of NK cells and monocytes to pancreatic ductal carcinoma.[@b91-ov-3-035]

Measles virus
=============

As oncolytic viruses, measles viruses have shown promising results against many different tumor models. They depend upon the overexpression of CD46, a viral entry receptor found in many cancer cells.[@b92-ov-3-035] An engineered measles virus expressing the sodium iodine symporter gene (*MV-NIS*) has shown oncolytic activity in pancreatic tumor xenografts in mice with tumor regression and increased survival. Unfortunately, when this was combined with radiotherapy, no synergy was found.[@b93-ov-3-035] In multiple studies, the authors were able to use iodinated contrast and micro-single-photon emission computed tomography to accurately image initial viral distribution within a solid tumor.[@b94-ov-3-035],[@b95-ov-3-035]

Additionally, another modified measles virus was created to target prostate stem cell antigen (PSCA), which is a protein expressed in pancreatic cancer. To enhance the virus' efficacy, it was armed with the suicide gene, convertase purine nucleoside phosphorylase (PNP), which activates the prodrug fludarabine. The authors succeeded in demonstrating that MV-PNP-anti-PSCA exhibited beneficial therapeutic effects in pancreatic cancer. Importantly, they were able to show that gemcitabine resistant pancreatic adenocarcinoma was susceptible to both the virus and activated prodrug.[@b96-ov-3-035]

Reovirus
========

Reoviruses are double-stranded RNA viruses. The replication of this virus is dependent upon cellular activity of Ras. *KRAS* mutations in pancreatic cancer are high (85%--90%), making reovirus a promising candidate as an oncolytic virus in pancreatic carcinoma.[@b47-ov-3-035] In immunocompetent animal models, reovirus administration intraportally resulted in decreased metastatic tumor volumes in the liver.[@b97-ov-3-035],[@b98-ov-3-035] It also resulted in decreased tumor mass and decreased ascites when administered intraperitoneally.[@b97-ov-3-035] Reolysin^®^ (Oncolytics Biotech Inc., Calgary, AB, Canada) is the name of the reovirus currently in a Phase II clinical trial in pancreatic cancer.[@b99-ov-3-035]--[@b101-ov-3-035]

Future directions
=================

With the current treatment modalities of surgery, chemotherapy, and radiotherapy, the prognosis of pancreatic cancer remains poor. The microenvironment of pancreatic cancer presents many unique challenges that will need to be overcome if we are going to successfully treat pancreatic cancer. Fortuitously, there are a number of different oncolytic viruses that have been shown to have real value in the treatment of pancreatic cancer in preclinical animal models. Clinical trials of oncolytic viruses have shown that oncolytic virotherapy is both a safe and feasible option for pancreatic cancer treatment in humans. However, there is still a great deal of opportunity for optimizing oncolytic viruses in the treatment of pancreatic cancer. In the future, viruses targeted to disrupt EMT may help to reduce the population of cancer stem cells that are contributing to treatment resistance and tumor metastasis. Also, combining viruses with systemic therapies that aim to disrupt the desmoplastic matrix and allow better penetration of viral therapy into tumors should lead to more successful viral therapy.
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###### 

Genetic mutations in pancreatic cancer

  ------------------------------------------------------------------
  **Common somatic mutations in pancreatic ductal adenocarcinoma**
  *KRAS*
  *P16/CDKN2A*
  *TP53*
  *SMAD4*
  **Major genetic pathways targeted in pancreatic cancer**
  Apoptosis
  DNA damage control
  Hedgehog signaling
  Homophilic cell adhesion
  Integrin signaling
  Regulation of G1/S phase transition
  c-Jun N-terminal kinase signaling
  TGF-β signaling
  KRAS signaling
  Wnt/notch signaling
  Regulation of invasion
  Small GTPase-dependent signaling (other than KRAS)
  ------------------------------------------------------------------

**Abbreviations:** GTP, guanosine triphosphate; TGF-β, transforming growth factor type beta.

###### 

Modifications of the adenovirus for cancer therapy

                                                                                                                                                                                                                                                                             References
  --------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------
  **Adenovirus selectivity**                                                                                                                                                                                                                                                 
  Deletional mutations                                                                                                                                                                                                                                                       
   *E1B* 55kDa                                              Binds p53 required for replication in normal cells                                                                                                                                                               [@b41-ov-3-035]
   *E1A*                                                    Binds pRb causing G1 to S transition                                                                                                                                                                             [@b43-ov-3-035],[@b102-ov-3-035]
   *E1B* 15kDa                                              BCL-2 analog (antiapoptotic)                                                                                                                                                                                     [@b21-ov-3-035]
   *E1A* + *E1B*                                            Double deletion with improved efficacy and selectivity                                                                                                                                                           [@b11-ov-3-035],[@b103-ov-3-035]
  Transcriptional control                                                                                                                                                                                                                                                    
   Cyclooxgenase-2 promoter                                 These proteins have higher levels in pancreatic cancer cells then normal tissue; thus allowing them to selectively control transcription of viral proteins and replication of virus and for targeted therapies   [@b50-ov-3-035],[@b104-ov-3-035]
   Urokinase-type plasminogen activator receptor promoter   [@b52-ov-3-035]                                                                                                                                                                                                  
   Telomerase reverse transcriptase promoter                [@b67-ov-3-035],[@b70-ov-3-035],[@b71-ov-3-035]                                                                                                                                                                  
   Hypoxia responsive promoter                              [@b105-ov-3-035]                                                                                                                                                                                                 
   CEA                                                                                                                                                                                                                                                                       [@b46-ov-3-035]
   KRAS                                                                                                                                                                                                                                                                      [@b106-ov-3-035]
  **Increased infectivity**                                                                                                                                                                                                                                                  
  Modified receptor from Ad5 to Ad3                         Changed binding from coxsackie adenovirus receptor (low expression in tumor tissue) to Desmoglein-2 protein increasing infectivity                                                                               [@b55-ov-3-035]
  **Targeted therapies**                                                                                                                                                                                                                                                     
  IFN-γ                                                     Immunogenic cytokine activates macrophages                                                                                                                                                                       [@b107-ov-3-035]
  IL-24                                                     Induce T-cell response, upregulates IFN-γ, IL-6                                                                                                                                                                  [@b57-ov-3-035]
  Uracil phosphoribosyltransferase                          Increases the activity of 5-fluorouracil locally                                                                                                                                                                 [@b108-ov-3-035]
  SiRNA GLi1                                                Silences hedgehog signaling in tumor environment, leading to increased angiogenesis and reduced tumor volumes                                                                                                    [@b109-ov-3-035]
  SiRNA KRAS                                                Oncogene knockdown                                                                                                                                                                                               [@b110-ov-3-035]
  Heat shock protein                                        Increased immune response to the tumor                                                                                                                                                                           [@b46-ov-3-035]
  MicroRNA-143                                              Acts as a tumor suppressor, decreasing KRAS expression                                                                                                                                                           [@b49-ov-3-035]
  Mutant HSV thymidine kinase and ADP                       In presence of 5-fluorocytosine and ganciclovir, results in increased sensitivity to radiotherapy                                                                                                                [@b111-ov-3-035]
  P53 upregulated apoptotic factor                          Driven by KRAS promoter, resulting in increased apoptosis                                                                                                                                                        [@b112-ov-3-035]
  Plasminogen activator inhibitor-1                         Decreased expression of E-cadherin and suppression of tumor progression                                                                                                                                          [@b113-ov-3-035]

**Abbreviations:** Ad3, adenovirus type 3; Ad5, adenovirus type 5; ADP, adenosine diphosphate; BCL-2, B-cell lymphoma 2; CEA, carcinoembryonic antigen; GLi1, family zinc finger 1; HSV, herpes simplex virus; IFN, interferon; IL, interleukin; pRb, retinoblastoma protein; SiRNA, short interfering RNA.

###### 

HSVs designed for cancer therapy

  HSV                HSV gene mutated   Transgenes   References
  ------------------ ------------------ ------------ ----------------------------------
  hrR3               *UL39*                          [@b114-ov-3-035]
  R3616              *γ34.5*                         [@b115-ov-3-035]
  G207               *γ34.5, UL39*                   [@b66-ov-3-035],[@b116-ov-3-035]
  NV1020             *UL24, UL56*                    [@b117-ov-3-035]
  OncoVex GM--CSF    *γ34.5, ICP47*     *GM--CSF*    [@b60-ov-3-035]
  HF-10                                              [@b118-ov-3-035]
  L1BR1              *US-3*                          [@b65-ov-3-035]
  FusOn-H2 (HSV-2)   *ICP10*                         [@b69-ov-3-035]

**Abbreviations:** GM--CSF, granulocyte--macrophage colony-stimulating factor; HSV, herpes simplex virus.
